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ABSTRACT 

DNA vaccination is an attractive approach for tumor immunotherapy because of its stability and simplicity 
of delivery. Advances demonstrate that helper T cell responses play a critical role in initiating immune re- 
sponses. The aim of the current study is to test whether targeting HPV-16 E7 to the endosomal/lysosomal 
compartment can enhance the potency of DNA vaccines. We linked the lysosome-associated membrane pro- 
tein 1 (LAMP-1) to HPV-E7 to construct a chimeric DNA, Sig/E7/LAMP-1 DNA. For in vivo tumor preven- 
tion experiments, mice were vaccinated with E7 DNA or Sig/E7/LAMP-1 DNA via gene gun, followed by tu- 
mor challenge. For in vivo tumor regression experiments, mice were first challenged with tumor cells and then 
vaccinated with E7-DNA or Sig/E7/LAMP-1 DNA. Intracellular cytokine staining with flow cytometry analy- 
sis, cytotoxic T lymphocyte (CTL) assays, enzyme-linked immunoabsorbent assay (ELISA), and enzyme-linked 
immunospot (ELISPOT) assays were used for in vitro E7-specific immunological studies. In both tumor pre- 
vention and tumor regression assays, Sig/E7/LAMP-1 DNA generated greater antitumor immunity than did 
wild-type E7 DNA. In addition, mice vaccinated with Sig/E7/LAMP-1 DNA had greater numbers of E7-spe- 
cific CD4+ helper T cells, higher E7-specific CTL activity, and greater numbers of CD8+ T cell precursors 
than did mice vaccinated with Sig/E7 or wUd-type E7 DNA. Sig/E7 generated a stronger E7-specific antibody 
response than did Sig/E7/LAMP-1 or wild-type E7 DNA. Our results indicate that linkage of the antigen gene 
to an endosomal/lysosomal targeting signal may greatly enhance the potency of DNA vaccines. 



OVERVIEW SUMMARY 

Naked DNA vaccines represent an attractive approach for 
tumor immunotherapy. In this study, we evaluated the ef- 
fect of an endosomal-lysosomal targeting signal on the po- 
tency of naked DNA vaccines delivered intradermally via 
gene gun. We found that addition of the LAMP-1 endoso- 
mal/lysosomal sorting signal to the human papillomavirus 
type 16 E7 gene significantly increased the generation of tu- 
mor cell-specific CD4+ helper T cells and CD8+ cytotoxic 
T lymphocytes and, most importantly, increased the in vivo 



antitumor effect. The results indicate thaKlinkage of the 
antigen gene to an endosomal/lysosomal targeting signal 
may greatly enhance the potency of DNA vaccines. 



INTRODUCTION 

NAKED DNA VACCINES have been reported as an attractive 
approach for generating antigen-specific vaccines because 
of their stability and simplicity of delivery. DNA vaccines pos- 
sess several advantages over existing viral vector systems de- 
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signed for in vivo gene delivery, even though such viral vec- 
tors are efficient in delivering genes of interest to targeted cells. 
For example, immune recognition after adenoviral vector or 
vaccinia delivery inhibits repeat vaccination with the same de- 
livery system, while retroviral vectors display low in vitro in- 
fectivity and have potential virus-associated complications, in- 
cluding helper virus replication and insertional mutagenesis. In 
contrast, naked plasmid DNA is relatively safe and can be re- 
peatedly administered. Furthermore, multiple DNA constructs 
can be administered together. Another advantage is that DNA 
vaccines can be easily prepared in large scale with high purity. 
Finally, DNA is highly stable relative to proteins and other bi- 
ological polymers. As a vaccine, DNA has the unique ability 
either to integrate stably into the genome or to be maintained 
long term in an episomal form. This provides an opportunity 
for expression of the immunizing antigen over an extended pe- 
riod of time and enhancement of immunologic memory (for re- 
view, see Pardoll and Beckerleg, 1995; Donnelly et al., 1997). 

One of the concerns about DNA vaccines is their potency, 
since they do not have the intrinsic ability to amplify in vivo as 
viral vaccines do. Naked DNA also has no clear cell type speci- 
ficity. It is therefore necessary to find an efficient route for ad- 
ministering DNA vaccines to appropriate target cells. Presen- 
tauon of the antigen, which is encoded by the DNA vaccine, is 
best mediated by professional antigen-presenting cells (APCs). 
APCs are capable of taking up, processing, and presenting anti- 
gen to T cells in the context of costimulatory signals required 
for T cell activation. One of the best methods for delivering 
DNA vaccine to APCs is to use a gene gun to deliver DNA- 
coated gold beads to the epidermis (Fynan et at., 1993). The 
gene gun can efficiently deliver DNA into epidermal MHC class 
11+ bone marrow-derived APCs, also known as Langerhans 
cells, which move in the lymphatic system from bombarded 
skin to the draining lymph nodes (Condon et al., 1996). Thus, 
cutaneous genetic immunization via gene gun is capable of di- 
rectly introducing genes of interest into professional antigen- 
presenting cells in vivo. The potency of DNA vaccines deliv- 
ered via gene gun can be further enhanced by strategies that 
help target antigens to both the MHC class I and class II pro- 
cessing padiways of the APCs. 

It is clear that CD4+ T cells are critical to the generation of 
most inunune responses. In particular, increasing evidence 
points to the critical role of CD4+ T cell responses in generat- 
ing effective antitumor immunity (Golumbek et al., 1991; Dra- 
noff et al., 1993; Ostrand-Rosenberg, 1994; Topalian et al., 
1994; Lin et al., 1996). We previously described a molecular 
approach that directly routed a nuclear/cytoplasmic antigen, hu- 
man papillomavirus (HPV) type 16 E7, into the endosomal and 
lysosomal compartments and enhanced the presentation of E7 
antigen to MHC class Il-restricted CD4+ T cells (Wu et al., 
1995). This was accomplished by constructing a chimeric gene, 
Sig/E7/LAMP-1, in which E7 was linked to the endoplasmic 
reticulum translocation signal peptide (Sig) on its amino ter- 
minus and to the transmembrane and lysosomal targeting do- 
mains of the lysosome-associated membrane protein 1 (LAMP- 
1) on its carboxy terminus (Wu etai, 1995). LAMP-1 is a type 
1 transmembrane protein localized predominantly in lysosomes 
and late endosomes (Chen et al., 1985; Lewis et al., 1985). The 
cytoplasmic domain of LAMP-1 protein contains the amino acid 
sequence Tyr-Gln-Thr-Ile, which mediates the targeting of 



LAMP-1 into the endosomal and lysosomal compartments 
(Williams and Fukuda, 1990; Guamieri et al., 1993). This spe- 
cific targeting of HPV- 16 E7 to the endosomal and lysosomal 
compartments allows antigenic peptides of E7 to complex with 
MHC class II molecules and enhances MHC class II presenta- 
tion (Wu et al., 1995). Specfically, we showed that the 
Sig/E7/LAMP-1 recombinant vaccinia in vivo generated greater 
E7-specific antibody production and CD4'*' T cell-mediated 
lymphoproliferative responses than did vaccinia expressing the 
wild-type HPV-16 E7 gene (Wu et al., 1995). In addiUon, E7- 
specific cytotoxic T lymphocyte (CTL) responses were aug- 
mented as well, possibly as a consequence of enhanced CD4"^ 
helper T cell function (Wu et al., 1995). 

We chose HPV-16 E7 as a model antigen for vaccine de- 
velopment because HPVs, particularly HPV-16, are associated 
with most cervical cancers. HPV oncogenic proteins E6 and E7 
are coexpressed in most HPV-containing cervical cancers and 
are important in the induction and maintenance of cellular trans- 
formation. Therefore, vaccines or immunotherapies targeting 
E7 and/or E6 proteins may provide an opportunity to prevent 
and treat HPV-associated cervical malignancies. HPV-16 E7 is 
a well-characterized cytoplasmic/nuclear protein that is more 
conserved than E6 in HPV-associated cancer cells (for review, 
see Wu, 1994). 

Targeting of antigens to the MHC class II processing com- 
partment has two advantages. First, presentation of MHC class 
I and class II epitopes by the same APC provides a better op- 
portunity for CD4+ T cells to provide help during the priming 
of cytotoxic T lymphocyte (CTL) precursors. Second, antigen- 
specific CD4'*" helper T cells themselves have been shown to 
be important effectors for antitumor and other immune re- 
sponses. If MHC class Il-positive APCs are indeed the crit- 
ical target for nucleic acid vaccines, linkage of antigen to 
an endosomal/lysosomal sorting signal could significantly 
enhance their potency. This hypothesis was tested by compar- 
ing DNA vaccines containing wild-type HPV-16 E7 with the 
Sig/E7/LAMP-1 chimera for immune response generation and 
their abiUty to protect animals against the E7-expressing murine 
model tumor (TC-1) (Lin et al., 1996). In this study, we used 
cutaneous genetic immunization via gene gun to test our hy- 
pothesis. 



MATERIALS AND METHODS'^- 

Murine tumor systems 

Female C57BL/6 mice, 6 to 8 weeks in age, were purchased 
from the National Cancer Institute (Frederick, MD) and kept in 
the oncology animal facility of the Johns Hopkins Hospital 
(Baltimore, MD). The animals were sacrificed by cervical dis- 
location at the time of tumor growth or at the end of an indi- 
vidual experiment. A murine cell line of C57BL/6 background, 
designated TC-1, was used. TC-1 cells were generated by co- 
transforming primary lung cells of C57BL/6 mice with HPV- 
16 E6 and E7 and activated raj oncogene (Lin et al., 1996). 
The cells were cultured in RPMI 1640, supplemented with 10% 
(v/v) fetal bovine serum, penicillin-streptomycin (50 units/ml), 
2 mM L-glutamine, 1 mAf sodium pyruvate, 2 mM nonessen- 
tial amino acids, and G418 (0.4 mg/ml) at 37°C with 5% CO2. 
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vaccinia, and Sig/E7/LAMP-1 vaccinia (Wu et al., 1995) for 6 
hr and labeled with 0.2 mCi of Na25iCr04 (Amersham). Un- 
transfected DCs were used as a negative control. We used a se- 
rial diluuon of E7-specific T cells (beginning with an enhancer- 
to-target [£:r] ratio of3:l) incubated with 5 X 103 5iCr-labeled 
DCs that were either infected with various vaccinia or unin 
fected. Specific lysis was calculated as described earlier. 

Generation of an E7 -specific CTL cell line 

Six-week-old female C57BL/6 {H.2») mice were immunized 
by intraperitoneal injection of 10^ PFU of vaccinia- 
Sig/E7/LAMP-1. Splenocytes were harvested on day 8 For ini- 
tial m vitro stimulation, 4 X 10« splenocytes were pulsed with 
IL-2 at a concentration of 20 U/ml and 1 ^A/ E7 peptide (amino 
acids 49-57) for 6 days. Propagation of the E7-specific CTL 
cell line was performed in 24-well plates by mixing (2 ml/well) 
1 X 10 splenocytes containing E7-specific CTLs with 3 X 10« 
irradiated splenocytes and pulsing them with IL-2 at a concen- 
tration of 20 U/ml and 1 El peptide (amino acids 49-57) 

r^tf^^'r '^^""'^ "^^"^ ^ '^^y^- specificity of 
the h7 CTL line was characterized by the CTL assay Flow cy- 
tometiy was performed to demonstrate the expression of the 
CDs marker. 

Enzyme-linked immunospot assays for 
IFN-y-secreting cells 

The enzyme-linked immunospot (ELISPOT) assays de- 
scnbed by Miyahira et al. were modified to detect HPV-16 E7- 
specific T cell precursors (Miyahira et ai, 1995). The 96-well 
filtration plates (Millipore, Bedford, MA) were coated with rat 
anti-mouse IFN-y antibody (clone R4-6A2, 10 ug/ml" 
PharMingen) in 50 nl of PBS. After overnight incubation ai 
4 L, the wells were washed and blocked with culture medium 
contammg 10% fetal bovine serum. For the detection of E7- 
specific CD4- and CD8- T cell precursoi^ in vaccinated mice 
splenocytes from each group were harvested on day 14 after 
vaccination. Serial dilutions of fresh isolated splenocytes from 
eachvaccinatedgroupofmice, starting from 1 X lOVwell were 
added to the wells along with interleukin 2 (15 units/ml).'cells 
were incubated at 37;C for 24 hr either with or without 1 ^g 
of E7-specific H-2D^ CTL epitope E7 (aa 49-57) per milliliter 
(Feltkamp et ai, 1993). For the in vitro demonstration of MHC 
cl^s I presentation of E7 in DCs, we infected DCs (Shen et al 
1997) witii vanous vaccinias (used as protein expression vec- 
Jt'f^"" 10^ PFU of wild-type vaccinia. E7-vaccinia, 
and Sigm7/LAMP-1 vaccinia (Wu al., 1995) to infect 2 X 
106 ^g,^^j ^^^^ untransfected DCs as a 

negauve control. Serial dilutions of E7-specific T cells (begin- 
nmg with 800 cells/well) were cultured with 1 X 10^ DCs in- 
fected witii the various vaccinias. After culture, the plate was 
washed and then incubated with biotinylated IFN-y antibody 
(clone XMG1.2. 5 /.g/ml; PharMingen) in 50 ^1 of Ix PBS 
overnight at 4°C. After six washes, avidin-alkaline phosphatase 
(1.25 /.g/ml; Sigma) in 50 ^1 of IX PBS was added and 
the plate was incubated for 2 hr at room temperature. After 
washing, spots were developed by adding 50 /xl of 5-bromo-4- 
toluidinium/nitroblue tetrazolium 
(BCIP/NBT) solution (Boehringer Mannheim, Indianapolis IN) 
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and incubating the plate at room temperature for 1 hr. The spots 
were counted with a dissecting microscope. 

In vivo tumor protection experiments 

Two sets of tumor protection experiments were done For 
the first tumor protection experiment, mice (eight per group) 
were vaccinated via gene gun with 2 Mg of Sig/E7/LAMP-1 
DNA, E7 DNA, or the control plasmid without insert. Two 
weeks later, the mice were revaccinated according to the same 
regimen used for the first vaccination. In total, each mouse re- 
ceived 4 ^g of plasmid DNA. Two weeks after the second vac- 
cination, mice were challenged with TC-1 tumor cells at a dose 
of 1 X 105 cells per mouse by subcutaneous injection on the 
left flank. In addition, eight unvaccinated mice received the 
same amount of TC-1 cells for the natural tumor growth con- 
trol. Tumor growth was monitored by visual inspection and pal- 
pation twice weekly. On day 40 postchallenge, the tumor-free 
mice were rechallenged by injecting 1 X 10^ TC-1 cells per 
mouse on the right flank, followed by a tumor check twice a 
week. Five naive mice received the same amount of TC-1 cells 
and served as a control. 

For the second tumor protection experiment, mice (five per 
group) were vaccinated with 1 /.g of either Sig/E7/LAMP-1 
DNA or wild-type E7 DNA via gene gun. An additional group 
of five mice received pure uncoated gold beads as a control 
Two weeks later, the vaccinated mice were challenged with 2 X 
10^ TC-1 cells per mouse subcutaneously on the left flank Tu- 
mor growth was monitored by visual inspection and palpation 
twice weekly. 

In vivo tumor treatment experiments 

Tumor cells for injection and DNA vaccines for immuniza- 
tion were prepared as described above. First, 2 X 10" TC-1 cells 
were injected subcutaneously in the left leg. Three and 10 days 
after challenge with TC-1 tumor cells, mice were given 2 «e 
of Sig/E7/LAMP-1 DNA, E7 DNA, o" control plasmid via gene 
gun. Five mice were used for each DNA vaccine. Each mouse 
received a total of 4 Mg of Sig/E7/LAMP-1 DNA, E7 DNA or 
control plasmid DNA. Mice were monitored twice weekly and 
euthamzed after the development of tumors. 



RESULTS ^t; 

DNA vaccines encoding HPV-16 E7 with LAMP-1 
sorting signal enhance E7-specific CD4+ helper 
T type 1 immune responses 

We have previously shown that the Sig/E7/LAMP-1 recom- 
bmant vaccinia in vivo generated greater CD4+ T cells-medi- 
ated lymphoproliferative responses than did vaccinia express- 
ing the wild-type HPV-16 E7 gene (Wu et al., 1995). In this 
study, we further investigated whether the Sig/E7/LAMP-1 
DNA vaccine administered via gene gun resulted in enhanced 
E^specific MHC class Il-restricted CD4+ T cell responses. 
Differentiation of precursor helper T cells into helper T type 1 
(Thl) or Th2 cells might have important biological implications 
in the generation of antitumor immunity. Therefore, we per- 
formed double staining for the CD4 surface marker and intra- 
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cellular WN-y or IL-4 on splenocytes from immunized mice 
. followed by flow cytometry analysis to define distinct im- 
munological roles of our recombinant DNA vaccine in induc- 
mg Thl versus Th2 responses. For the detection of the E7-spe- 
cific IFN-y-secreting CD4+ T cell, splenocytes from 
immunized mice were cultured in vitro with die E7 peptide (aa 
30-67) overnight and stained for both CD4 and intracellular 
IFN-y. The E7 peptide (aa 30-67) contains a major helper T 
cell epitope in the E7 open reading frame of the human papil- 
loma virus (HPV) type 16 (Tindle et al, 1991). The percent- 
age of IFN-y-secreting CD4+ T cells was analyzed by flow cy- 
tometry. As shown in Fig. lA, mice vaccinated with 
Sig/E7/LAMP-1 DNA generated the most CD4+IFN-7+ dou- 
ble-positive cells. The relative frequency of E7-specific IFN-'y- 
secreting CD4+ T cells was plotted in Fig. IB. Mice vaccinated 
with Sig/E7/LAMP-1 DNA vaccine generated the highest IFN- 
y-secreting E7-specific CD4+ helper T cell precursors [137.0 
(±9.9)/10« splenocytes]. In addition, we observed a less dra- 
matic increase in E7-specific IFN-y-secreting E7-specific 
CD4 helper T cell precursors [79.5 (±6.4)/106 splenocytes] 
m mice vaccinated with Sig/E7 DNA. No significant enhance- 
ment of the E7-specific CD4+ T cell was observed in mice vac- 
cinated with wild-type E7 DNA [31.0 (±7.1)/10« splenocytes] 
control plasmid DNA [16.5 (±3.5)/I06 splenocytes], or naive 
mice [16.5 (±3.5)/10« splenocytes]. 
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We then analyzed IL-4-secreting E7-specific CD4+ T cells 
in mice vaccinated with various DNA vaccines. IL-4-secreting 
activated mouse splenocytes (MiCK-2; PharMingen) were used 
as positive controls to assure the success of intracellular IL-4 
staining for this study. The specificity of the IL-4 staining was 
demonstrated by the absence of CD4+IL-4+ cells when the IL- 
4 antibody was omitted (Fig. 2A, top). As shown in Fig. 2A 
(bottom), no significant CD4+IL-4+ double-positive cells were 
identified in the mice vaccinated with Sig/E7/LAMP-1 SNA 
Sig/E7 DNA, wild-type E7 DNA, or plasmid DNA vaccination 
or in the naive mice without vaccination. In addition, no sig- 
nificant variation was observed in the frequency of IL-4-se- 
creting CD4+IL-4+ T cells in the various vaccination groups 
(Fig. 2B). ^ ^ 

While no significant CD4+E:.-4+ double-positive cells were 
identified in mice vaccinated with Sig/E7/LAMP-1 DNA (Fig. 
2), significant numbers of CD4+IFN-y*- double-positive cells 
were observed in mice vaccinated with Sig/E7/LAMP-1 DNA 
(Fig. 1). These results indicated that mice vaccinated with 
Sig/E7/LAMP-1 DNA vaccine generated E7-specific Thl -type 
cytokine profiles. These results were fiirther confirmed by 
ELISAs, using the supematants of splenocytes from the vacci- 
nated mice. The splenocytes were stimulated in vitro with E7 
protein and assayed for the presence of IFN-y and IL-4. The 
highest IFN-y level was found in mice vaccinated with 
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FIG. 1. Flow cytometry analysis of 
IFN-y-secreting E7-specific CD4+ cells 
in mice vaccinated with various recom- 
binant DNA vaccines. (A) Splenocytes 
from vaccinated mice were cultured in '^■^v 
vitro with E7 peptide (aa 30-67) 
overnight and stained for both CD4 and 
intracellular IFN-y. The percentage of 
IFN-y-secreting CD4+ T cells was ana- 
lyzed by flow cytometry. Mice vacci- 
nated with the Sig/E7/LAMP-1 DNA 
generated the greatest E7-specific CD4+ 
helper T cell precursors. (B) The num- 
ber of IFN-y-producing E7-specific 
CD4"*" T cells was determined by flow 
cytometry in the presence (sohd col- 
umns) and absence (open columns) of E7 
peptide (aa 30-67). One set of experi- 
ments is shown and similar results were 
observed in three other sets of experi- 
ments. Data are expressed as the mean 
number of CD4+IFN-y* cells per 10* 
splenocytes ± SEM. 
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FIG. 2. Flow cytometry analysis of IL-4-secreting E7-specific CD4+ cells 
in mice immunized with various recombinant DNA vaccines. (A) Top- The 
IL-4-secreting activated mouse splenocytes (MiCK-2) from PharMingen 
were used as positive controls to assure the success of intracytoplasmic IL- 
4 staining for this study. The specificity of the IL-4 staining was demon- 
strated by the absence of CD4+IL-4+ T cells when the IL-4 antibody was 
omitted. Bottom: Splenocytes from vaccinated mice were cultured in vitro 
with E7 peptide (aa 30-67) overnight and stained for both CD4 and intra- 
cellular IL-4. The percentage of IL-4-secreting CD4+ T cells was analyzed 
by flow cytometry. (B) Splenocytes from vaccinated mice were cultured in 
virro with (solid columns) and without (open columns) E7 peptide (aa 
30-^7) overmght and were stained for both CD4 and intracellular IL-4 The 
number of IL-4-producing CD4+ T cells was determined by flow cytome- 
try. Results shown here are from one representative experiment of three per- 
formed. No significant difference in the frequency of IL-4-secreting E7- 
specific CD4+ cells was observed in mice immunized with various 
'^I^iTf vaccines. Data are expressed as mean number of 

CD4+IL4+ cells per 10« splenocytes ± SEM. 



Sig/E7/LAMP-1 DNA. IL-4 could not be detected in the su- 
pernatant of any vaccinated group (data not shown). 

Vaccination with Sig/E7/LAMP-1 DNA generates high 
E7-specific antibody responses 

The HPV-16 E7-specific antibody responses in die sera of 
the vaccinated mice were determined by a direct ELIS A on days 
7 and 14 after the second vaccination. As shown in Fig. 3, 7 
days after die second vaccination, we detected a significant E7- 
specific antibody response only in the sera of mice vaccinated 
with Sig/E7 DNA. However, 14 days after the second vacci- 
nation, significant E7-specific antibody responses were ob- 
served in the sera of both Sig/E7/LAMP-1- and Sig/E7 DNA- 
vaccinated mice, with the Sig/E7 DNA-vaccinated mice 
generating higher E7-specific antibody responses. In contrast, 
no E7-specific antibody responses could be detected in the sera 
of the mice vaccinated with eidier wild-type E7 DNA or the 
"empty" plasmid (Fig. 3). These results indicated that mice vac- 



cinated with Sig/E7/LAMP-1 and Sig/E7 DNA are capable of 
generating E7-specific antibody responses, widi Sig/E7 gener- 
ating earUer and greater responses. "^f;! 

DNA vaccines encoding HPV-16 E7 with LAMP-1 
sorting signal enhance E7-specific CD8+ cytotoxic 
T cell immune responses 

Since CD8+ cytotoxic T cells have been impUcated as im- 
portant effector cells for antitumor effects, we used the CTL 
assay to study the E7-specific CTL activity. For the CTL as- 
say, the E7 DNA generated higher CTL activity than did the 
control plasmid. However, the highest CTL activities were in- 
deed observed in mice vaccinated widi Sig/E7/LAMP-1 DNA 
vaccine when E7-expressing TC-1 tumor cells were used as tar- 
get cells for CTL assays (Fig. 4). Similarly, when E7 peptide 
(aa 49-57)-pulsed MC57G cells were used as target cells for 
CTL assays, mice vaccinated witfi Sig/E7/LAMP-1 DNA vac- 
cine also generated die highest CTL activities (data not shown). 
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■ with E7 peptide (aa 49-57) 



□ without E7 peptide 




FIG. 5. Demonstration of E7-specific CD8+ T cell precur- 
sors in C57BL/6 mice immunized with various recombinant 
DNA vaccines, using ELISPOT assays. C57BL/6 mice were 
vaccinated with control plasmid, wild-type El, Sig/E7, or 
Sig/E7/LAMP-I DNA intradermally via gene gun, or were not 
vaccinated. For vaccinated mice, 2 fig of DNA per mouse was 
given twice. Splenocytes were harvested 2 weeks after vacci- 
nation. The number of IFN-y-producing E7-specific T cell pre- 
cursors was determined in the presence (solid columns) and ab- 
sence (open columns) of the E7 peptide (aa 49-57). Data are 
expressed as mean number of spots per 3 X lO^ splenocytes ± 
SEM. Results shown here are from one representative experi- 
ment of three performed. 



T cell precursors [110.0 (±7.1)/3 X 10^ splenocytes]. Mice vac- 
cinated with Sig/E7 DNA generated a significant increase in E7- 
specific CD8-^ T cell precursors as well [92.5 (±3.5)/3 X 10' 
splenocytes]. The number of E7-specific CD8+ T cell precursors 
generated by E7 DNA vaccination was 43.0 (±1.4)/3 X 10^ 
splenocytes. In general, the number of E7-specific CD8+ T cell 
precursors determined by flow cytometry using double staining 
for CDS and intracytoplasmic IFN-y was higher than that deter- 
mined by the ELISPOT assays. With these three different meth- 
ods (CTL assays, ELISPOT assays, and intracellular cytokine 
stainings), we have demonstrated that Sig/E7/LAMP-1 DNA im- 
munization generated the highest E7-specific CTL responses. 
Mice vaccinated with Sig/E7/LAMP-I DNA generated at least 
twofold higher E7-specific CP8+ T cell precursors than did mice 
vaccinated with wild-type E7 DNA. 

Dendritic cells expressing Sig/E7/LAMP-1 present E7 
antigen through the MHC class I pathway 

Since we observed greater numbers of enhanced CD8+ T 
cell precursors in mice vaccinated with Sig/E7/LAMP-I, it is 
important to demonstrate if antigen-presenting cells expressing 
Sig/E7/LAMP-1 presented E7 through the MHC class I path- 
way. We used the ELISPOT and CTL assays to demonstrate 
MHC class I presentation of E7 antigen in dendritic cells in- 
fected with either Sig/E7/LAMP-1, wild-type E7, or wild-type 



vaccinia. An E7-specific T cell line was used as a readout for 
this assay. For the ELISPOT assay (Fig. 7), DCs expressing 
Sig/E7/LAMP-1 and wild-type E7 generated a noticeable num- 
ber of spots with increasing numbere of E7-specific CTLs, while 
DCs expressing wild-type vaccinia generated a negligible num- 
ber of spots, similar to control DCs. In addition, DCs expressing 
Sig/E7/LAMP-1 generated a higher number of spots compared 
with DCs expressing wild-type E7. Furthermore, the CTL assay 
confirmed the results generated from the ELISPOT assay. If 
MHC class I presentation of E7 occurred in DCs expressing 
Sig/E7/LAMP-1, one would expect specific lysis of these EXTs 
by E7-specific CD8+ T cells. As shown in Fig. 8, DCs infected 
with Sig/E7/LAMP-1 generated the highest percent specific ly- 
sis compared with DCs infected with other vaccinia. These re- 
sults indicated that DCs expressing Sig/E7/LAMP-1 and wild- 
type E7 are capable of presenting E7 antigen through the MHC 
class I pathway. However, DCs expressing Sig/E7/LAMP-1 are 
more efficient at presenting E7 through the MHC class I path- 
way compared with DCs expressing wild-type E7. 

DNA vaccines encoding HPV-16 E7 with LAMP-1 
sorting signal protect mice against E7-expressing 
tumors 

To determine whether the enhanced immune responses gen- 
erated by incorporation of the LAMP-1 sorting signal into the 
DNA construct resulted in enhanced antitumor activity, we 
compared the ability of Sig/E7/LAMP-1 DNA and E7 DNA 
vaccines to protect animals against chall enge with the E7-ex - 
pressingTC-1 tum or. Two in vivo tumor protection experiments 
were performed with different doses of DNA vaccine. For the 
first experiment, mice were vaccinated with 2 fig of DNA per 
mouse and revaccinated 2 weeks later. Both Sig/E7/LAMP-1 
DNA and E7 DNA vaccines generated potent antitumor im- 
munity against E7 expressing TC-1 tumor. As shown in Fig. 
9A, both Sig/E7/LAMP-1 DNA and E7 DNA vaccines gener- 
ated 100% tumor protection for up to 8 weeks, in contrast to 
no tumor protection in unvaccinated mice (Fig. 9A). Interest- 
ingly, the no-insert plasmid backbone also generated 25% tu- 
mor protection. The antitumor immunity appeared to be long- 
lasting. When the tumor-free animals were rechallenged with 
1 X 10^ TC-1 cells per mouse subcutaneously on the opposite 
flank, no tumor growth was observed for up to 4 weeks after 
tumor rechallenge (data not shown). To compare the potency 
difference between E7 DNA and Sig/E7/LAMP->DNA, we de- 
creased the vaccination dose in the second in vivo tumor pro- 
tection experiment. Mice were vaccinated once with a dose of 
1 fig of DNA per mouse. As shown in Fig. 9B, 60% of the 
mice vaccinated with Sig/E7/LAMP- 1 DNA remained tumor 
free 60 days after tumor injection. In comparison, none of the 
mice vaccinated with wild-type E7 DNA remained tumor free. 
Furthermore, all of the mice inoculated with pure gold particles 
showed progressive tumor growth 2 weeks after tumor chal- 
lenge (Fig. 9B). 

DNA vaccines encoding HPV-16 E7 with LAMP-1 
sorting signal eradicate previously established 
E7-expressing tumors in mice 

To test the efficacy of DNA vaccines in eradicating es- 
tablished TC-1 tumors, TC-I cells were first injected into 
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DISCUSSION 

In this study we have demonstrated that rerouting of a cy- 
tosolic tumor antigen into the endosomal/lysosomal compart- 
ment can profoundly improve the in vivo therapeutic potency 
of nucleic acid vaccines. A similar strategy may be applied to 
generate DNA vaccines for other mmor-specific antigens. The 
data we obtained about DNA vaccines support a previous study 
that we had conducted with vaccinia vectors, which found that 
use of the Sig/E7/LAMP-1 vaccinia vaccine generated stronger 
antitumor effects in C57BL/6 mice compared with wild-type 
E7 vaccinia vaccine (Lin et al., 1996). However, even though 
vaccinia vectors are effective in generating a strong E7-specific 
antitumor effect, many individuals had previously been exposed 
to the vaccinia for smallpox immunization. We found that pre- 
vious exposure to vaccinia can significantly limit the potency 
of the Sig/E7/LAMP-1 vaccinia vaccine (T.-C. Wu et al., un- 
published, 1999). The use of naked DNA vaccines circumvents 
the problem of immune responses to the vaccinia vaccine vec- 
tor, which can result in rapid elimination of transduced cells or 
limit the effectiveness of readministration. Also, DNA vaccines 
do not have the potential health hazards of viral vectors. 

The LAMP-1 targeting strategy has been successfully used 
in several other biological systems. For example, LAMP-1 -me- 
diated targeting of the HIV-1 envelope protein (gpl60) to the 
endosomal/lysosomal compartment enhances its presentation to 
MHC class Il-restricted T cells (Rowell et al., 1995). More- 
over, mice vaccinated with recombinant vaccinia expressing 
gpl60/LAMP-l generated greater gpl60-specific lymphopro- 
liferation responses and higher titers of anti-V3 loop antibod- 
ies than did mice vaccinated with recombinant vaccinia ex- 
pressing wild-type gpl60 (Ruff et al., 1997). The LAMP-1 
strategy has also been used to enhance MHC class II presenta- 
tion in dendritic cells. Nair et al. demonstrated that dendritic 



cells transfected with the carcinoembryonic antigen (CEA) and 
LAMP-1 chimeric RNA construct can efficiently stimulate the 
CEA-specific CD4'^ T cells from human peripheral blood lym- 
phocytes in vitro (Nair et al., 1998). More recently, DNA vac- 
cines based on the LAMP-1 targeting sUrategy have been ap- 
plied to the HER-2/neu model antigen in a murine breast cancer 
model and generated a more potent vaccine effect than did un- 
modified HER-2/neu DNA vaccines (E. Jaffee, personal com- 
munication, 1999). These studies suggest the potential benefit 
of using the LAMP-1 targeting strategy in enhancing vaccine 
potency. 

In our study, we have observed that vaccination with 
Sig/E7/LAMP-1 DNA via gene gun augmented E7-specific 
CD4+ helper T cell type 1 immune responses (Figs. 1 and 2). 
The Thl-type cytokine profiles may result from the intrader- 
mal administration of the bacteria-derived DNA vaccines that 
we used in our study. Vaccination with bacteria-derived naked 
DNA has been reported to elicit cellular and hiSnoral immune 
responses that have a helper T cell type 1 bias (Sato et al, 
1996). Injection of bacteria-derived naked DNA into murine 
dermis could lead to enhanced expression of MHC class 11 and 
costimulatory molecules by Langerhans cells in the overlying 
epidermis and intracytoplasmic IL-12 accumulation in a sub- 
population of activated Langerhans cell (Jakob et al., 1998). 
Therefore, the bacteria-derived naked DNA vaccines used in 
this study may preferentially elicit Thl -predominant immune 
responses. Several studies have indicated that the Thl-type im- 
mune response is one of the major components contributing to 
the development of T cell-mediated immunity against HPV-as- 
sociated neoplasms (Tsukui et al, 1996; Clerici et al., 1997). 

The increased understanding of the pathways for antigen pre- 
sentation creates the potential for designing novel strategies to 
enhance vaccine potency. For example, a DNA vaccine encod- 
ing a fusion antigen that is directed to sites of immune indue- 
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tion has been shown to enhance vaccine potency (Boyle et al., 
1998). A molecular approach that would directly route an anti- 
gen into the MHC class I and II processing and presentation 
pathway might enhance its presentation to MHC class I-re- 
stricted CD8+ T cells and class Il-restricted CD4+ T cells. Sev- 
eral studies have employed strategies targeting the MHC class 
I processing pathway to enhance the potency of DNA vaccines 
and generated enhanced CD8"^ T cell activities (Rodriguez et 
al, 1991; Tobery and Siliciano, 1997; Wu and Kipps, 1997). 
Our study represents a successful approach that enhances the 
potency of DNA vaccines by targeting the MHC class II pro- 
cessing pathway. Other potential targeting strategies that may 
enhance MHC class II antigen presentation include using the 
intracellular sorting signals of the MHC class H-associated in- 
variant chain (li) (Sanderson et al., 1995) and using the intra- 
cellular sorting signals of the HLA-DM molecule (Lindstedt et 
al, 1995). It will be interesting to generate chimeric molecules 
similar to the Sig/E7/LAMP-1 construct to see if such strate- 
gies will enhance the MHC class II presentation of cytoplasmic 
proteins such as HPV-16 E6 and E7. 

The mechanisms by which DNA vaccines induce both im- 
munologic and protective responses are under active investiga- 
tion. Several studies have shown that bone marrow-derived anti- 
gen-presenting cells (APCs) are the most important cells for 
presenting the antigen to die immune system after both skin 
bombardment with a gene gun or intramuscular inoculation 
(Condon et al, 1996; Casares et al., 1997; Iwasaki et al, 1997; 
Torres et al., 1997). The effect of Sig/E7/LAMP-1 DNA vac- 
cine most likely relies on the existence of the MHC class II 
pathway in the transfected professional antigen-presenting cells. 
Therefore, skin dendritic cells or hematopoietic professional 
APCs should play a direct role in the antigen processing in our 
system. The results of this study support our hypothesis that 
MHC class 11+ APCs are indeed the critical target for nucleic 
acid vaccines. 

Irfthe present study, we also observed enhanced E7-specific 
CTL activity and significantly increased E7-specific CD8+ T 
cell precursors in mice vaccinated with Sig/E7/LAMP-1 DNA 
vaccine. There are several possible mechanisms that may ac- 
count for the observed increase in the number of CD8+ T cell 
precursors in mice vaccinated with Sig/E7/LAMP-1 DNA. 
First, direct priming by MHC class I presentation of E7 in anti- 
gen-presenting cells expressing Sig/E7/LAMP-1 is one plausi- 
ble mechanism. We demonstrated that antigen-presenting cells 
expressing Sig/E7/LAMP'l are capable of directly presenting 
E7 through the MHC class I pathway. Our data indicated that 
they may also be more efficient than wild-type E7 at present- 
ing E7 through the MHC class I pathway. These data suggest 
that CTL epitopes from the chimeric Sig/E7/LAMP-1 product 
are presented on MHC class I molecules. Second, we speculate 
that enhanced CTL activity in C57BL/6 mice vaccinated with 
the chimeric Sig/E7/LAMP-1 DNA may also be due to an in- 
crease in CD4+ T cell help as a result of improved presenta- 
tion of MHC class Il-restricted epitopes. In a previous study, 
we observed that CD4-knockout mice vaccinated with 
Sig/E7/LAMP-1 experienced a significant loss of CTL activity 
(Wu et al, 1995). Finally, CTL activities generated by the 
Sig/E7/LAMP-1 DNA vaccine may have been contributed by 
the MHC class I presentation of exogenous proteins through a 
so-called "cross-priming effect" (Huang et al, 1994). Although 



keratinocytes are unlikely to activate T cells directly, kera- 
tinocytes can take up and express DNA encoding foreign pro- 
teins such as E7. This subjects them to immunological attack, 
resulting in the release of the proteins. These proteins can in 
turn be taken up by professional APCs and presented through 
the MHC class I pathway. It is therefore possible that some of 
the CTL activities generated by Sig/E7/LAMP-1 DNA vacci- 
nation may be due to the cross-priming effect (Huang et al, 
1994). 

In this study, we have also observed increased 004"*" and 
CD8"^ T cell precursors in mice vaccinated with the Sig/E7 
DNA vaccine. Although one may attribute the enhanced E7- 
specific cell-mediated immune responses in mice vaccinated 
with Sig/E7/LAMP-1 to the Sig/E7 portion, we believe that 
the mechanisms by which Sig/E7/LAMP-1 enhances E7-spe- 
cific immune responses may be different from those of Sig/E7. 
First, in a previous study, we have observed that LB27 anti- 
gen-presenting cells expressing Sig/E7/LAMP-1 directly pre- 
sent E7 via the MHC class II pathway, while Sig/E7 is not so 
presented (Wu et al, 1995). This observation indicates that 
SxgTEJI LAMP-1 enhanced E7-specific CD4"^ T cell responses 
through a mechanism different from that of Sig/E7. Second, 
our more recent data indicate that dendritic cells transduced 
with Sig/E7 secrete E7 into the medium, while dendritic cells 
transduced with Sig/E7/LAMP- 1 do not (T.-L. Wang, personal 
communication, 1999). Several studies have shown significant 
enhancement of humoral immune responses by adding signal 
peptide to a cytoplasmic protein (Haddad et al, 1997; In- 
chauspe et al., 1997). The earlier and greater E7-specific an- 
tibody responses that we observed in mice vaccinated with 
Sig/E7 compared with mice vaccinated with either wild-type 
E7 or Sig/E7/LAMP-1 (see Fig. 3) may be related to the se- 
cretion of E7. Since E7 was sent to different compartments in 
cells transduced with Sig/E7/LAMP- 1 versus cells transduced 
with Sig/E7, the mechanisms by which these vaccines enhance 
E7-specific humoral and cell-mediated immune responses are 
most likely different. 

Even though HPV-16 is associated with more that 50% of 
cervical cancers and their precursor lesions, there are many 
other types of HPV, such as HPV-18, -31, -33, and -45, that 
can be associated with cervical cancers and their precursor le- 
sions. Thus, an ideal vaccine for HPV infections should cover 
most of these other types of HPV infections. Since many dif- 
ferent kinds of DNA vaccines can be mixed and effebtiyely ad- 
ministered together, DNA vaccines are clearly one of the best 
choices. Furthermore, highly pure, stable, DNA-based vaccines 
can be rapidly produced in large quantities. 

While the Sig/E7/LAMP-1 DNA vaccine holds promise for 
mass immunization, two safety issues need to be resolved. First, 
the DNA may integrate into the host genome, resulting in the 
inactivation of tumor suppressor genes or the activation of onco- 
genes. This may lead to malignant transformation of the host 
cell. Fortunately, it is estimated that the frequency of integra- 
tion is much lower than that of spontaneous mutation and in- 
tegration should not pose any real risk (Nichols et al, 1995). 
The second issue concerns potential risks associated with the 
presence of HPV-16 E7 protein in host cells. E7 is an onco- 
protein that disrupts cell cycle regulation by binding to tumor 
suppressor pRB protein in nuclei (Lukas et al, 1994). Thus, the 
presence of E7 in host cells may lead to accumulation of ge- 
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netic aberrations and eventual malignant transformation in the 
host cells. Sig/E7/LAMP-1 chimeric protein contains the sort- 
mg signal that delivers the protein into lysosomal and endoso- 
mal compartments, not the nucleus, and thus the likelihood of 
Sig/E7/LAMP-1 interacting with pRB in the nucleus is low. In 
addition, the oncogenicity of E7 can be further eliminated by 
mtroducing mutations into E7 DNA so that the resulting E7 
protein cannot bind with pRB (Heck et al., 1992) but still main- 
tains most of its antigenicity. 

In summary, our results indicate that linkage of the antigen 
gene to an endosomal/lysosomal targeting signal may greatly 
enhance the potency of nucleic acid vaccines. Specifically we 
demonstrated that the Sig/E7/LAMP-1 DNA vaccine can gen- 
erate strong antitumor immunity against HPV- 16 E7-express- 
ing tumors when administered intradermally. Therefore, 
Sig/E7/LAMP-1 DNA vaccines represent an excidng thera- 
peutic approach for the control of HPV-associated malignan- 
cies and their precursors. 
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